An improvement of current method of selective hydride generation based on pre-reduction for differentiation of tri-and pentavalent arsenicals is described, applied for the oxidation state specific speciation analysis of inorganic, mono-, di-and trimethylated arsenicals with minimum sample pretreatment using atomic absorption spectrometry with the multiatomizer. The preconcentration and separation of arsine, methylarsine, dimethylarsine and trimethylarsine is then carried out by means of cryotrapping. Presented study shows that 2% (m/v) L-cysteine hydrochloride monohydrate (L-cys) currently used for off-line pre-reduction of pentavalent arsenicals can be substituted with 1% (m/v) thioglycolic acid (TGA). Much faster pre-reduction of pentavalent arsenicals at 25°C with equal sensitivities as in the case of L-cys has been achieved with TGA. A setup for on-line prereduction by TGA has been optimized, with the application of segmented flow analysis for suppression of axial dispersion in the pre-reduction coil. Standard calibrations measured with or without on-line pre-reduction indicate uniform and equal sensitivities for all As forms. The possibility of standardization by water standards of single species (e.g. iAs(III)) for quantification of all other As forms in urine is demonstrated in the recovery study. Limits of detection were 100 ng·l −1 for iAs (III), 135 ng·l −1 for iAs(V) and 30 to 50 ng·l −1 for methylated arsenicals.
Introduction
Tri-and pentavalent inorganic, mono-, di-and trimethylated arsenicals are products of animal and human metabolism of arsenic and are required to be determined even at ultra trace levels due to their high toxicity and mutagenic, teratogenic and carcinogenic effects [1] [2] [3] [4] . Human metabolism of inorganic As (iAs) consists of reduction of pentavalent arsenicals and oxidative methylation of trivalent species that yields methylated arsenicals [5] [6] [7] [8] [9] . The conversion of species such as arsenite (iAs(III)), arsenate (iAs(V)), methylarsonite (MAs(III)), methylarsonate (MAs(V)), dimethylarsinite (DMAs(III)), dimethylarsinate (DMAs(V)) and trimethylarsine oxide (TMAs(V)O) to their corresponding arsines by means of reaction with tetrahydroborate is underlying technique of hydride generation (HG). Association of HG with cryotrapping and gas chromatography (HG-CT) using atomic absorption spectrometry (AAS) for sensitive detection is a very old method [10] and allows to separate arsines generated from iAs, MAs, DMAs and TMAs(V)O according to their boiling points and chromatographic properties of the trap. The main advantage of the HG-CT system as compared to widely used liquid chromatography separation of As species prior to detection by any method of analytical atomic spectrometry is that analysis can be carried out directly without sample pretreatment. This is particularly important in biological samples, where As species are bound to proteins and can be determined without extraction and when attempting the determination of very unstable MAs(III) and DMAs(III), which are quickly oxidized to MAs(V) and DMAs(V) even at temperatures below 0 °C [11, 12] . That is why this method is suitable for the speciation analysis of all above-mentioned compounds [6, 13, 14] .
Distinguishing between tri-and pentavalent arsenicals when using the HG-CT approach is provided by selective HG which is usually based on pH specific efficiency of generation [6, 10, 11, 15] . Instead of the choice of pH, the selective HG in presence or absence of pre-reduction agent has been developed in our laboratory for the arsenic speciation analysis [13, 14] , overcoming the different sensitivity obtained for individual species observed for pH specific generation approach [6, 11, 13] .
Originally pre-reductant of iAs(V), potassium iodide, usually in combination with ascorbic acid [16] [17] [18] [19] or with very concentrated HCl [20] , was commonly used. Due to low stability and neccessity of high concentration of KI and HCl for reaching complete pre-reduction, agents with -SH group, namely L-cysteine (L-cys) are more popular nowadays [13, 16, [21] [22] [23] [24] . These agents reduce pentavalent arsenicals to trivalent and react with trivalent arsenicals forming arsinothiol derivates. It has also been suggested that L-cys is enhancing the HG performance by forming borane complexes with tetrahydroborate [25] . By means of L-cys treatment uniform signals can be obtained from iAs(V), MAs(V) and DMAs(V) [13, 26] . Nevertheless, optimum conditions must be carefully maintained when HG is performed from HCl media, because HG is efficient in a very narrow range of acid concentration (0.01 -0.1 M) only [13, 27] . This problem has been solved by the use of buffered media (TRIS·HCl buffer) proposed and studied in our previous report [13] . At the same time, this buffer ensures selective HG only from trivalent As species without pre-reduction.
Except L-cys, thioglycolic acid (TGA) and other similar compounds with -SH group were tested as the pre-reducing agents [28] . TGA performed well, others such as 2-mercaptoethanol, 3-mercapropropionic acid reduced only one of the three species completely, thiourea commonly used for reduction of Se(VI) to Se(IV) could not reduce MAs(V) at all [28] .
Nowadays, automatization of any analytical methods and minimum sample pretreatment are required. Therefore, replacement of the time-consuming off-line pre-reduction by a method with integrated pre-reduction step (on-line pre-reduction) is desirable. No loss of sensitivities, low consumption of all reagents and simplicity are the main requirements. The general limiting factor is reaction rate of pre-reductant with As species which mostly affects time of analysis and sample throughput. It has been proved [13, 28] that L-cys needs about 1 hour to complete the reaction with iAs(V), MAs(V) and DMAs(V) at room temperature. The reactor must be heated to perform pre-reduction of pentavalent arsenicals on-line by means of L-cys [29, 30] or iAs(V) by KI with ascorbic acid [31] . On-line pre-reduction by means of TGA was suggested by Howard and Salou [28] for its short reaction time with inorganic and methylated pentavalent As species, but its application has never been reported.
The general aims of this study have been to confirm the performance of TGA for off-line prereduction of As species in comparison to commonly used L-cys and to develop a setup for online pre-reduction integrated with the HG-CT system. Flow injection (FI) arrangement with batch separation and the multiatomizer for atomization of arsines were chosen being compatible with an automated system recently developed in our laboratory [13, 14] . The validation of the method is presented for As speciation in human urine samples.
Experimental

Instrumentation
Perkin-Elmer 503 AAS spectrometer without background correction with arsenic electrodeless discharge lamp (EDL) System I (Perkin-Elmer) operated at 8 W was used as a detector for the speciation analysis. Analog strip-chart recorder output signal from the spectrometer was processed by an A/D converter and recorded in a personal computer. Signals were exported as text files into Microcal ™ Origin® 6.0 (Microcal Software, USA) or Microsoft® Excel 2000 (Microsoft Corporation, USA) for futher processing.
Standards and reagents
Deionized water (Ultrapur, Watrex, USA) was used for preparation of all solutions. A 1000 mg·l −1 As AAS standard solution (Merck, Darmstadt, Germany) was used as iAs(V) stock standard solution. Stock solutions of 1000 mg·l −1 As were prepared for arsenic species iAs (III), MAs(V), DMAs(V) and TMAs(V)O in deionized water using following compounds: As 2 [32] . Working standards were prepared for individual species by serial dilution of stock solutions in deionized water. Mixed standards (100 μg.l −1 of iAs(V), MAs(V), DMAs(V) and iAs(III), TMAs(V)O, respectively) were used for final dilution to μg·l −1 level (fresh daily). Deionized water for preparation of iAs(III) standard was deaerated by purging with nitrogen for at least 1 hour to prevent oxidation. Human urine diluted with deionized water (1:1) spiked with As species was employed as a real biological matrix for the recovery study.
A reducing solution containing 1% (m/v) NaBH 4 (FLUKA, Steinheim, Germany) in 0.1% (m/ v) KOH (Lach-Ner, s.r.o., Neratovice, Czech Republic) was prepared fresh daily. For analysis of samples of human urine, 0.2 ml of 1% (m/v) solution of Antifoam B emulsion (Sigma Chemical Company, St. Louis, USA) per 100 ml of the reducing solution was added to prevent foaming. A 0.75 M TRIS·HCl buffer was prepared from reagent grade Trizma® hydrochloride (Tris(hydroxy-methyl)aminomethane hydrochloride, Sigma, Steinheim, Germany) and pH was adjusted to value 6 by 10% (m/v) KOH. Aqueous solutions of L-cysteine hydrochloride monohydrate (L-cys) (Merck, Darmstadt, Germany) for off-line pre-reduction and thioglycolic acid (TGA) (Fluka, Steinheim, Germany) for both off-line and on-line pre-reduction were used as pre-reduction agents. pH of buffer, solutions and reaction mixtures was measured by a S20 SevenEasy ™ pH meter (Mettler Toledo, Schwerzenbach, Switzerland) with InLab ® 413 pH combination polymer electrodes (Mettler Toledo, Schwerzenbach, Switzerland).
Multiatomizer
The multiatomizer was identical to the one described previously (model MM5 in Ref. [33] ). The inner tube of the optical bar of the atomizer was 120 mm long with 7mm i.d. and with fourteen holes of approximately 0.5mm diameter. The atomizer was heated electrically to 900°C
by an in-house made furnace controlled by a REX-C100 controller (Syscon, Indiana, USA) with a K-type thermocouple sensor (Omega Engineering, USA). 40 ml·min −1 of air as outer gas was employed for atomization. -1/16″ o.d., 290 mm long). Sample was injected into flow of deionized water by a six-port injection valve (Rheodyne, California, USA) with 597μl sample loop volume. A plastic GLS with forced outlet, made from a 50ml polypropylene screw-cup with a home made acrylic lid [13] which is capable to handle overpressure caused by resistance of a U-tube was employed. The cryogennic trap device consisted of the 305 mm long glass Utube with 2.5 mm i.d. wrapped with a wire Ni80-Cr20 (0.6 mm o.d.; 5.275 ωm −1 ; Omega Engineering, Inc., Stamford, USA) providing a total resistance of 15 ω for gradual heating and filled with 0.92 g Chromosorb WAW-DMCS 45/60, 15 % OV-3 (Supelco, Bellefonte, USA). After packing, the U-tube was treated with 50 μl REJUV-8 (hexamethyldisilazane, N,O-bis (trimethylsilyl)acetamide, n-trimethylsilyl-imidazole; Supelco, Bellefonte, USA) and flushed with He for 4 hours at the rate 50 ml·min −1 . About ¾ of the U-tube was immersed into the 1.5 l Dewar flask (KGW-Isotherm, Karlsruhe, Germany) with a liquid nitrogen during trapping of hydrides, while in the release phase the U-tube was gradually heated with Trennstelltrafo LTS 604 (Thalheim, Germany) by means of current of 2 A (30 V). The flow rates of carrier He (75 ml·min −1 ) and H 2 (20 ml·min −1 ) were controlled by mass flow controllers (FMA 2400 or FMA 2600 Series, Omega Engineering, Inc., Stamford, USA).
CF mode-HG in conventional continuous flow (CF) arrangement was performed in
some experiments. The previous manifold was used with some changes. The injection valve and the cryogennic trap were omitted, the plastic GLS was exchanged for a glass GLS with forced outlet (20 ml volume) and the waste liquid was pumped out constantly at the approximate rate of 3.5 ml·min −1 . The flow rate of carrier gas Ar was controlled by the mass flow controller (FMA 2600 Series, Omega Engineering, Inc., Stamford, USA) at the rate of 50 ml·min −1 .
2.4.3.
FI mode with on-line pre-reduction and cryotrapping-For preliminary experiments, the FI system described in Sec. 2.4.1 was modified between the injection valve and the reaction coil as displayed in Fig. 1b . A peristaltic pump (PP3) was added to pump 5% (m/v) TGA at the rate of 0.25 ml·min −1 (1% in each liquid segment after mixing, see Sec. 3.1.1). To form segmented flow of liquid (SFA), another peristaltic pump (PP4) was added to pump air into the manifold at the rate 0.15 ml·min −1 (Fig. 1c) . Both additional channels were built from PTFE T-junctions and 0.75 mm i. 
Procedure
Off-line pre-reduction-Pre-reducing agent was added to samples at least 1 hour prior to analysis. The U-tube was immersed into liquid N 2 before beginning of the cycle. It was started with switching on the PP1 and after 3 s sample was manually injected by means of the injection valve into a carrier flow (deionized water). The PP1 was switched off after 90 s; another 90 s was allowed to complete the reaction and transport arsines from the GLS to the U-tube. Then, at the beginning of volatilization stage the Dewar flask with liquid nitrogen was manually removed and heating of the resistance wire was switched on. Recording of signal (60s read window) started after 10s delay. As the U-tube was gradually heated, arsines evaporated, separated and entered the atomizer. At the end of measurement, the PP2 was switched on and the waste liquid was removed from the GLS; the heating was left on for another 30 s to dry moisture from the U-tube. Total time of the procedure was 343 s.
On-line pre-reduction-The HG setup of Figs. 1b,c was used. The whole procedure was similar to to the procedure with off-line pre-reduction. Apart from experiment when TGA was being added for the whole time of HG the PP3 was pumping TGA solution for 60 s to cover sample plug only, while the PP4 had been running 3 s before and in the course of the whole HG step when SFA was performed (Fig. 1c) . Duration of the HG step depends on the prereduction coil volume: time was 230 and 330 s necessary for 2.4 and 3.5ml pre-reduction coils, respectively, when on-line pre-reduction without SFA was employed, and 90; 90; 120; 150; 160; 190; 210; 240 and 270 s for 0; 0.06; 0.5; 1; 1.4; 1.9; 2.4; 2.9 and 3.5ml pre-reduction coils, respectively, for measurements with SFA. The rest of the cycle was identical to off-line prereduction.
Results and discussion
3.1. Off-line pre-reduction 3.1.1. Comparison of L-cys and TGA-The performance of commonly used L-cys and proposed TGA as pre-reductants/reaction modifiers for HG of sum of both tri-and pentavalent arsenicals in terms of sensitivity and repeatibility was compared. Optimum concentration of both pre-reductants in TRIS·HCl buffer reaction media [13] was tested. In off-line mode of pre-reduction, solid L-cys or liquid TGA was added to final concentration to sample or standard solutions at least one hour prior to analysis because of long time of pre-reduction by L-cys reported for of all arsenicals [13, 28, 29] . The results are shown in Figs. 2a and 2b , respectively, for L-cys and TGA.
As it is shown in Fig. 2a , L-cys can be used for off-line pre-reduction in concentration range between 1 % and 3 % (m/v) of L-cys added to sample, which provides complete pre-reduction of iAs(V), MAs(V) and DMAs(V). At the concentrations below 1 % (m/v), i.e. 0.057 M, longer time may be needed to complete the process of pre-reduction of all arsenicals [16, 22] , however, this was not tested in this study. 2 % (m/v) of L-cys was used for further experiments.
In the case of TGA, it was found that 0.5 % (m/v), i.e. 0.054 M, was sufficient for the complete pre-reduction (Fig. 2b) . 1% (m/v) TGA in sample solution was found optimal and used in experiments with on-line pre-reduction. It was verified that pH of the reaction mixture in TGA modified samples behaves in the same way as with L-cys [13] , it means that pH after prereduction by means of L-cys or TGA followed by NaBH 4 reaction remained below 8.
The typical chromatogram of mixed standard of pentavalent species obtained by means of offline L-cys pre-reduction is ilustrated in Fig. 3 . The peak area of blank in iAs(V) zone was subtracted from the peak area corresponding to a sample because of the measurement without background correction. The peak area of non-specific absorption (visible in blank signal) depends on concentration of the pre-reduction agent containing -SH group, concretely it is around 0.060 s at 2 % (m/v) of L-cys in sample or blank and also very similarly at 1 % (m/v) of TGA. It is interfering with arsine signal and had to be subtracted from the signal, as our instrument was not equipped with background correction.
No changes in sensitivities or repeatabilities (RSD) using TGA instead of commonly used Lcys were found. The relative peak area responses of arsenicals (2 μg·l −1 for each form) treated with TGA with respect to signals measured with L-cys pre-reduction (mean ± combined SD; n=8) were 98.9 ± 3.0 % for iAs(V); 100.2 ± 3.1 % for MAs(V); 101.0 ± 2.3 % for DMAs(V). More distinctly, the peak area responses corresponding to iAs(V), MAs(V) and DMAs(V) were 1.085; 1.022 and 1.019 s with relative standard deviations (RSD; n=8) 2.1; 2.4 and 1.6 % for L-cys and 1.074; 1.024 and 1.029 s with RSDs 2.0; 1.9 and 1.6 % for TGA pre-reduction.
The comparison of L-cys and TGA was also carried out by means of CF mode without cryotrapping at 20 μg·l −1 for each water standard. The absorbances corresponding to iAs(V), MAs(V) and DMAs(V) were 0.215; 0.213 and 0.206 with RSDs (n=3) 1.9; 0.4 and 1.8 % for L-cys and 0.216; 0.218 and 0.213 with RSDs 1.2; 0.8 and 0.2 % for TGA pre-reduction. The signals compared in the same way as above yielded steady state response ratios (mean ± combined SD; n=3) 100.5 ± 2.3 % for iAs(V); 102.3 ± 0.9 % for MAs(V); and 103.4 ± 1.3 % for DMAs(V), respectively.
Pre-reduction of TMAs(V)O-Pre-reduction of TMAs(V)
O procedure by L-cys was reported to decrease greatly the response [13, 29] . In our experiments, TMAs(V)O provided equal peak area response as other arsenic species from TRIS·HCl buffer medium when no prereduction was used, in agreement with previous report [13] . When off-line pre-reduction by TGA had been carried out one hour before measurement, the response was only approximately 7 % and further declining in time. Therefore CF mode was employed to scan the time dependence of the signal of TMAs(V)O after addition of TGA (Fig. 4) . TMAs(V)O standard solution was introduced to the HG system. After reaching the steady state, TGA was added to the standard solution to final concentration 1 % (m/v) (1 in Fig. 4) . The observed decrease of signal in time is presumably caused by formation of volatile trimethylarsine and its loss from the solution [32] before it is introduced into the HG system. Therefore, off-line pre-reduction should be avoided in TMAs(V)O determination. In an on-line pre-reduction setup the situation may be improved because the analyte should not be lost in the closed HG system (see Sec.
3.2.3).
3.2.
On-line pre-reduction 3.2.1. Preliminary investigation-To achieve an optimum concentration of 1 % (m/v) of TGA in a sample solution (see Section 3.1.1), the concentration of TGA 5 % (m/v) at the flow rate of 0.25 ml·min −1 in the separate channel was used. On-line pre-reduction was tested with 2.4 and 3.5ml pre-reduction coils (Fig. 1.b) . The efficiencies of pre-reduction (mean ± combined SD; n=4) expressed as ratios of peak areas corresponding to species iAs(V), MAs (V) and DMAs(V) measured with on-line pre-reduction to off-line pre-reduction results were only 95.0 ± 2.6 %; 95.4 ± 2.4 %; 93.6 ± 1.8 % for 2.4 ml pre-reduction coil and 99.8 ± 3.3 %; 93.8 ± 2.2 %; 98.5 ± 2.7 %, respectively, for 3.5 ml pre-reduction coil. The disadvantages of this setup were incomplete pre-reduction of MAs(V) even in the larger coil, long time of prereduction, and increased content of total iAs in the blanks because of high consumption of all reagents. When TGA was being added over the whole time interval of HG, the non-specific absorption, proportional to TGA consumption, increased dramatically. This non-specific absorption is interfering with iAs signal, which necessitates the use of background correction [13] not available at the present instrument.
In the case when TGA is pumped only to the zone of the sample, the axial dispersion can cause that the whole zone may not contain optimum concentration of pre-reductant, as well as prolong time necessary for purging a sample from the pre-reduction coil. The suppression of an axial dispersion and better mixing can be achieved using SFA by means of air segments added to a sample and carrier flow (Fig. 1.c) . Air segmentation enabled adding TGA solely to the sample zone. The efficiencies of pre-reduction (mean ± combined SD; n=4) by means of SFA with 3.5ml pre-reduction coil as compared with off-line pre-reduction results for iAs(V), MAs(V) and DMAs(V) were 97.4 ± 2.6 %; 100.1 ± 2.0 % and 99.4 ± 2.5 %. Therefore the setup with SFA was chosen for futher investigation (Fig. 5). 
Pre-reduction coil volume-
The optimal pre-reduction coil volume (and corresponding reaction times of iAs(V), MAs(V) and DMAs(V) with TGA) was studied ( Fig  6) . The time axis was calculated from volume of the pre-reduction coil and manifold and flow rates of reagents. It responds to time between mixing the analyte with TGA and with NaBH 4 . Fig. 6 indicates then that iAs(V) is fully reduced in about 45 s and complete pre-reduction of MAs(V) and DMAs(V) occurs in 115 s, therefore the 2.4ml coil was found sufficient for complete pre-reduction with SFA.
Calibrations and limits of detection-
Calibration graphs with cryotrapping were tested for all forms. When no pre-reduction required, the deionized water instead of TGA solution was pumped to assure identical reaction time. The comparison of slopes of calibrations shows good uniformity of sensitivities for iAs(III) with and without pre-reduction, and iAs(V), MAs(V), DMAs(V) after pre-reduction (Table 1) . These results enable standardization on single species for quantification of all As forms [13] using on-line setup of pre-reduction. Lower sensitivity of TMAs(V)O with the pre-reduction is probably caused by production of trimethylarsine at earlier stage. An insufficient separation from liquid phase in the GLS and also transport losses of volatile compound before the GLS can play a role.
The limits of detection (LOD; 3σ, 0.6ml sample) for all methylated arsenicals range between 30 and 50 ng·l −1 . LODs for iAs(III) and iAs(V) were 100 and 135 ng·l −1 , respectively, because of non-specific absorption and iAs(III) content in the blanks. The relative LODs could be futher improved using a greater sample loop volume and in the case of iAs(III) and iAs(V) also by use of background correction and decreasing As content in the blanks.
Recoveries of As species in urine-
A recovery study of the HG-CT method with on-line pre-reduction by TGA was tested in human urine samples (diluted 1:1 by deionized water) spiked with inividual As forms. pH of the reaction mixture after NaBH 4 reaction was below 8 as in aqueous standards (see Sec. 3.1.1). The recoveries of arsenic species (Table 2) were between 96 and 105 %, which verifies the possible using of aqueous standards of single species for quantification of all studied As forms even in this matrix.
Conclusions
The selective HG procedure based on off-line pre-reduction by TGA is capable of resolution and quantification of inorganic and methylated arsenicals. TGA provides much faster reaction with all pentavalent arsenicals (1-2 min) compared to commonly used L-cys (30-60 min) [13, 28] , which makes it much more suitable for on-line pre-reduction at room temperature. The drawbacks of the TGA agent, its malodour and toxicity, were found quite tolerable as the handling is minimized in the on-line arrangement. Optimal arrangement of the HG setup associated with on-line pre-reduction step was accomplished by means of SFA which permits better mixing, suppresses the axial dispersion of the sample plug in the manifold and thus allows to shorten substantially the time of analysis. Standard calibrations measured with or without on-line pre-reduction indicated the uniform and equal sensitivities. The possibility of standardization by water standards of single species (e.g. iAs(III)) for quantification of all other toxicologically important As forms in urine was demonstrated in the recovery study. Despite the analysis being prolonged by 2 min as compared to off-line procedure, on-line pre-reduction simplifies sample pretreatment and increases sample throughput. This setup of pre-reduction can be easily adopted for an automated system for the oxidation state specific speciation of inorganic and methylated arsenicals by selective hydride generation-cryotrapping-AAS [13, 14] . Another prospective application of presented on-line pre-reduction by TGA would be in the As speciation analysis methods employing post-separation HG approach, where high and uniform generation efficiency for all forms would be highly desirable. Experimental setups of HG-CT-AAS with off-line pre-reduction (a) and with on-line prereduction (b,c); INJ -injection (0.6ml loop); GLS -gas-liquid separator; PP1-4 -peristaltic pumps Optimal concentration of L-cys (a) and TGA (b) in sample solution measured with off-line pre-reduction; 1 -iAs(V); 2 -MAs(V); 3 -DMAs(V); sample loop volume 597 μl; 2 μg·l −1 As for each species; uncertainty expressed as standard deviations (SD) for n=4 measurements Typical chromatogram of arsenic species measured with on-line pre-reduction using SFA; NS -non-specific signal; sample loop volume 597 μl; 2 μg·l −1 As for each species; pre-reduction coil volume 2.4 ml Dependence of the signal on the pre-reduction coil volume; 1 -iAs(V), 2 -MAs(V), 3 -DMAs (V); sample loop volume 597 μl; 2 μg·l −1 As for each species; pre-reduction coil volume within the range 0 -3.5 ml; uncertainty expressed as SD (n=4) Table 2 Recovery study a ; standard addition concentration 0; 1; 2 μg·l −1
As each form Relative sensitivities (%) of As species in biological matrix (diluted urine, 1:1) compared to aqueous standards; uncertainty expressed as combined SD
